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Abstract 
The article presents the problem of balancing work for schedules carried out in accordance with Linear Construction Methods. 
An example is presented of the construction of concrete surface. A number of schedules were developed for the collected data. 
The preeminent schedule was chosen and then optimized by curtailing working time of preceding working brigades with aid of 
subsequent brigades. The article presents a model which assumes that the effectiveness is equal for all brigades. Such an 
assumption was possible due to the nature of the activities to be performed. 
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1. Introduction 
The question of scheduling projects using flow-shop organization models is an interesting and most current issue. 
This concerns mainly scheduling work on large construction sites. Large construction sites involve a large number of 
subdivisions. If the activities to be performed on subdivisions are successfully grouped into consecutive processes, 
the task of scheduling construction works becomes comparable to the task of scheduling in industrial production. A 
number of optimization models were designed for Linear Construction Methods. One of the most interesting was the 
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model with time couplings [1]. In his earlier works the author proposed the use of brute-force aimed at selecting the 
optimal solution [technical transaction]. This paper will present the model of eradication of worker downtime using 
the production capacity of the subsequent brigades. 
2. Basic investment data 
It was assumed that four main processes would have to be conducted in paving the parking area surface, 
including: 
x stabilizing the subgrade with cement, 25 cm thick - 0.25 Wh/m2 
x paving a lean concrete course,  20 cm thick - 0.41 Wh/m2 
x paving the sliding layer (two layers) - 0.10 Wh/m2 
x paving the surface course, 22 cm thick - 0.66 Wh/m2 
The table lists the process execution times for 6 consecutive site subdivisions 
     Table 1. Process execution times. 
Workspace W1 W2 W3 W4 W5 
stabilized soil (A) h 3 4 8 11 8 
concrete C8/10 (B) h 4 5 10 13 10 
foil PE (C) h 2 2 4 5 4 
concrete C35/45 (D) h 6 8 16 22 16 
3. Schedules 
By subdividing the site into plots and such working range it is possible to use the Linear Construction Method. It 
is the author’s opinion that it is worthwhile to apply some scheduling rules. Three scheduling rules where chosen, 
i.e., FCFS, SPT and LPT [3], [4] as well as the use of the KASS program [2]. Below are brief descriptions of the 
methods and network models obtained. 
Fig. 1. Project network model for FCFS method. 
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FSFS (first come first serve) — the model is characterized by the absence of any complication. It involves 
scheduling tasks in accordance with the order of entered data. Although the model is simple, it may prove significant 
for the construction industry. When scheduling construction respective Works are allotted in which there is a 
subdivision into plots. Each planner has an individual vision of the construction scheduling. By using the model he 
or she can check what duration would be obtained by scheduling works in the way most intuitive for him/her. The 
scheduling may also result from technology used for the works, the cost of movement of successive brigades 
between the subdivisions, it may also depend on other factors affecting the work at the construction site. 
SPT (shortest processing time) — a model based on the principle of the shortest processing time. An algorithm 
for determining the order of tasks at which the total duration of the process is the shortest. The principle of the 
algorithm is scheduling as first these subdivisions on which the duration of the activities is the shortest. This refers to 
the total execution time on the subdivision for all subsequent machines. If there are several subdivisions for which 
the total execution times of all activities are equal, the algorithm prioritizes the subdivisions with shorter times in the 
initial activities. 
Fig. 2. Project network model for SPT method. 
LPT (longest processing time) — a model based on the principle of the longest processing time. An algorithm for 
determining the order of tasks at which the total duration of the process is the shortest. The principle of the algorithm 
is scheduling as first these subdivisions on which the duration of the activities is the longest. This refers to the total 
execution time of work on the subdivision for all subsequent machines. If there are several subdivisions for which 
the total execution times of all activities are equal, the algorithm prioritizes those with longer times in the initial 
actions. 
Fig. 3. Project network model for LPT method. 
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KASS (Krzeminski Algorithm Scheduling System) - is a model based on brute-force. In the case under 
discussion, the calculations were made in version 2.2. The software can be downloaded from www.ipb.edu.pl. 
Fig. 4. Project network model for KASS method. 
As a result of the use of the above scheduling methods, 4 schedules were obtained. The schedule obtained by 
means of LPT is the longest and will not be considered further. In other schedules, the obtained total times were 
equal. KASS scheduling was tantamount to FCFS. Nonetheless, SPT schedule was chosen for further analysis, as it 
demonstrated the  the smallest working brigade downtimes. A change was only required in the order of conducting 
works on subdivisions 4 and 5. 
4. Description of schedule normalizing model 
The author of the study assumed that the similar efficiencies of the brigades working on the project may have 
resulted from the fact that he decided to use the model equalizing schedules for teams with the same efficiency. 
There is a brief description of the model below. 
Based on the optimal result chart, a time matrix has to be developed. The matrix is defined below. As the 
algorithm is iterative, the matrix has been marked with superscript k. 
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where: 
m - number of construction site subdivisions, 
n - number of working brigades, 
k - number of iterations. 
 
Based on the above network model and the matrices, a matrix should be determined containing the calculated 
total slack times of activities. 
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where: 
m - number of construction site subdivisions 
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n - number of working brigades 
k - number of iterations 
 
As previously mentioned, the algorithm is iterative. Within each step a series of calculations need to be 
performed. In the later part of the study formulas are presented which should be used in subsequent iterations of the 
algorithm. 
The formulas for the first iteration of the algorithm presented below are two dependencies allowing for the 
implementation of corrections to the activity performance times. When applying dependency (3), a correction of 
duration times should be carried out for the first brigade working on subsequent site subdivisions. 
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The variable x was added in order to obtain appropriate numbering of brigades for which optimization is 
conducted. The variable is entirely dependent on value k, denoting the number of iterations. 
When applying dependency (4), a correction of duration times should be carried out for the second brigade 
working on subsequent site subdivisions. 
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After performing the calculations we obtain a number of new duration values for activities carried out by the first 
and second working brigades. It is therefore once again (k=2) necessary to develop a matrix of duration of processes 
on the subdivisions, and a matrix of total slack times. The execution of the above-mentioned series of calculations 
concludes the actions to be carried out in the first iteration of the algorithm. We proceed to the second iteration. 
Dependencies developed for the first iteration are the same as for the third, fifth and every subsequent odd iteration. 
Dependencies developed for the second iteration are the same as for the fourth, sixth and every subsequent even 
iteration. Therefore using dependency (5), a correction of duration times should be carried out for the first brigade 
working on subsequent site subdivisions. Such a correction will occur only in the case when after the first correction 
of durations there are still downtimes in the works of the second brigade. 
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The variable y is also added in order to obtain appropriate numbering of brigades for which optimization is 
conducted. The variable is entirely dependent on the value of k, denoting the number of iterations. 
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After the above calculations are performed, again we obtain a new, modified set of durations of processes on 
individual subdivisions. This time changes may have occurred in the working times of the first and the third brigade. 
They should, therefore, be collected into another (k=3) matrix of durations and the calculations from the third 
iteration should be carried out. In the third iteration, the formulas used earlier in the first iteration should be utilized 
again. In the network model that is to be used for the calculation of iteration 3, a dependency needs to be introduced, 
changing the start dates for the tasks of the third brigade in relation to the second brigade. The tasks will overlap in 
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the range of value that corresponds to reduction of the duration of the work of the first brigade by the third brigade. 
In practice, this means that where the third brigade was utilized, there it begins work one unit earlier. 
The number of iterations will therefore depend on the number of processes to be carried out on subsequent 
subdivisions and will correspond to their number multiplied by two decreased by one. 
5. The results of the optimization of the initial schedule 
The results of the optimization of the initial schedule are presented in the figure below. In the input schedule, the 
total time was 83 hours, the downtime amounted to 38 hours. In the schedule after optimization the total time is 888 
and the brigade downtime is 888. 
Fig. 5. Project schedule before optimization. 
 
Fig. 6. Project schedule before optimization. 
Gray color marks brigade downtime. It is evident that in the schedule after optimization the downtime has been 
shortened to one hour. The total execution time has also been reduced, from 83 to 78 hours. The color yellow marks 
hours in which the subsequent brigades support preceding brigades. The letters in the yellow fields denote the 
brigades which will be supported. For example, on day 24 brigade D will assist brigade B in its tasks. 
6. Conclusions 
The article presents the possibility of using the newly developed working brigade downtime shortening model in 
practice in the case of paving a parking area. The results of optimization demonstrated that a slight change in the 
order of works connected with the equalization of works by subsequent brigades leads to a highly significant 
reduction in working brigade downtime. The fact that the scheduled finish date has not been expedited is 
inconsequential, it is important that the costs associated with brigade downtime can be avoided, as is demoralization 
resulting from lack of work (a phenomenon observed at construction sites). In further research the author intends to 
develop specialized software to aid computation and optimization. 
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